The quantum dynamics of a strongly driven, strongly coupled single-atom-cavity system is studied by evaluating time-dependent second-and third-order correlations of the emitted photons. The coherent energy exchange, first, between the atom and the cavity mode, and second, between the atom-cavity system and the driving laser, is observed. Three-photon detections show an asymmetry in time, a consequence of the breakdown of detailed balance. The results are in good agreement with theory and are a first step towards the control of a quantum trajectory at larger driving strength.
Open quantum systems far from thermal equilibrium hold great promise for the investigation of fundamental physics and the implementation of practical devices [1, 2] . The versatility of such systems comes from two features: the coherent evolution induced by the driving and the dissipation enabling a transfer of information to an observer. These two characteristics affect each other, and the deterministic evolution is interrupted by unpredictable quantum jumps [3, 4] . Monitoring such a quantum trajectory is a challenge, in particular when many quantum states must be discriminated from each other. A model system in this context is provided by optical cavity quantum electrodynamics (QED) in the regime of strong lightmatter coupling, where atomic and photonic observables have been tracked in real time [5] [6] [7] [8] and controlled by means of feedback [9] [10] [11] . However, these experiments were performed at low excitation. Stronger driving and, hence, faster probing would allow one to track the system more closely and explore high-intensity effects like the coherent coupling of the system with the drive laser or the dynamical polarization of the dressed states [12, 13] . Moreover, higher excited states containing several photons should be discernible by characteristic patterns of multiple-photon emissions [14] , which can be asymmetric in time due to the predicted breakdown of detailed balance [15] . In this Letter we explore such patterns for a strongly driven atom-cavity system, when the excitation rate exceeds the dissipative rates.
We consider a system where the atom-cavity coupling strength g 0 exceeds the atomic polarization decay rate γ and the cavity field decay rate κ. The internal dynamics, described by the Jaynes-Cummings Hamiltonian, is complemented by driving with a probe laser of strength η [31] and dissipation due to spontaneous emission and cavity decay. By monitoring the photon stream from the cavity, one can evaluate different observables such as the average photon number, a † a , or the average number of photon pairs, a †2 a 2 . The first is interesting, e.g., in the context of normal-mode spectroscopy [16, 17] , while insight into quantum effects can be obtained by regarding photon pairs [14, 18] . Due to the interplay of the different dynamical processes, both observables are expected to undergo complex dynamics as illustrated by the calculated quantum trajectory depicted in Fig. 1 (a) and (b) , cf. also [19] . It displays coherent oscillations at different frequencies interrupted by sudden quantum jumps due to spontaneous emission (∇) and cavity decay ( ). In the following, the time evolution of a † a conditioned upon such a quantum jump is studied experimentally by evaluating the time-dependent second-order intensity correlation function. In addition, we introduce measurements of the third-order intensity correlation function as a new tool to study the time-dependence of a †2 a 2 and to investigate the dynamics of the system conditioned upon two simultaneous or successive detection events. While second-order correlations are naturally symmetric in time, third-order correlations enable us to address the simple, but experimentally unexplored, question whether the emitted photon stream is symmetric in time.
The experimental setup is depicted in Fig. 1 (c) and has been described before [11] . A Fabry-Perot resonator with a finesse of 195000 and a length of 260 µm, yielding κ/2π = 1.5 MHz, is tuned to the cycling transition from F = 3, m F = 3 to F = 4, m F = 4 of the D 2 -line of 85 Rb with γ/2π = 3 MHz. The atom-cavity coupling to the TEM 00 mode with maximal coupling strength g 0 /2π = 16 MHz puts the experiment well into the strong coupling regime. A laser at 785 nm, detuned by four freespectral ranges, is used to stabilize the cavity length such that the bare atom is on resonance with the cavity mode. The coupled system is driven by a circularly polarized probe laser at 780 nm. In order to excite higher-order dressed states, cf. Fig. 1 (d) , and to increase the signal, we use relatively strong probe powers. Since trapping atoms is rather difficult in this parameter regime, we perform the measurements with atoms passing through the mode, launched via an atomic fountain from underneath the cavity. The transit time of an individual atom is about 20 µs. The attractive potential induced by the stabilization light at 785 nm (AC-Stark shift 5 MHz) guides the passing atoms towards regions of strong coupling. With a detuning of the probe laser with respect to the cavity of ∆ c /2π = -12 MHz, near-resonant with the lowerfrequency normal mode, cf. Fig. 1 (d) , a transient atom causes an increase of the probe light transmission. We evaluate the recorded photon clicks only in those intervals where the transmission is increased by at least a factor of 1.6 compared to the empty cavity value. In each launch about 25 atoms cause such an increase. In the presence of an atom, the probability of having a second atom in the cavity is less than 3 %.
First, we consider the time evolution of the average photon number shown as a red line in Fig. 1 (a) and (b). Two characteristic frequencies are visible, a slow oscillation with a period around 150 ns and a fast oscillation with a period of about 30 ns. To observe these in the experiment, we evaluate the second-order correlation func-
, of the transmitted probe light measuring the conditional evolution of the average photon number after the detection of a photon.
Experimental results are plotted in Fig. 2 (a) for different driving strengths (black). Deviations of the asymptotic values from 1 result from the variation of the transmitted intensity during the passage of an atom through the mode and are well understood [20, 21] . Also shown are calculations (red), for which details can be found in the supplementary information. Since the atomic transit happens on a much longer timescale than the internal dynamics, we can account for it in the theory by averaging the correlation function over a proper atomic position distribution, which is the same for all calculations in this work. After an additional vertical scaling of the theoretical curves by up to 10 % to match the asymptotic values of the experiment, we find good agreement between theory and experiment. We identify two different oscillation frequencies in the correlation functions. For a quantitative analysis, we fit an exponentially damped, oscillating function [32] . The obtained frequencies are plotted in Fig. 2 (b) as a function of the driving strength η. The faster oscillation frequency ω ( ) reflects the coherent exchange of energy between the cavity mode and the atom, i.e. the vacuum Rabi oscillations [22, 23] . We find an almost constant frequency with an average ofω/2π = 29 MHz (dashed blue line). Due to the atomic motion this is slightly smaller than the maximum expected value of 2g 0 /2π = 32 MHz.
The strong driving gives rise to another coherent process, namely the exchange of energy between the atomcavity system and the drive laser. This results in another characteristic oscillation frequency Ω (•) which depends on the driving strength. As these oscillations are the dynamic manifestation of the supersplitting of the vacuum Rabi resonance [24] , we will refer to them as super Rabi oscillations. Due to the anharmonic energy-level structure of the system, cf. Fig. 1 (d) , it behaves at low excitation like a driven two level system [19] . Neglecting the atom-cavity detuning due to the AC-Stark shift of the stabilization laser and the small detuning from the normal mode, we expect a Rabi frequency of Ω = √ 2η, which is plotted as a solid red line in Fig. 2 (b) . Deviations from the two-level approximation occur when the transition to the second dressed state becomes important. This is expected for a driving strength exceeding 3κ, marked as a vertical dashed line. The reduction of the oscillation frequency compared to the two-level approximation at higher powers is in agreement with previous studies of a driven anharmonic oscillator [25] . Next, we consider the dynamics of another observable, namely the probability for the emission of a photon pair, a †2 a 2 , blue line in Fig. 1 (a) and (b). This is motivated by the fact that the dynamics of the average photon number, a † a , seems to be dominated by the coherent internal dynamics (vacuum Rabi oscillations) and driving (super Rabi oscillations) of the first-order dressed states only. The quantum Rabi oscillation [27] at a frequency of 2 √ 2g of the second-order dressed states are not visible. As these states emit photons in pairs [14] the probability to detect a photon pair is more sensitive to the occupation of the second-order dressed states than the average photon number. This is supported by the corresponding quantum trajectory. Here, the expectation value a †2 a 2 also undergoes super Rabi oscillations at the same frequency as a † a but with a higher visibility. However, the fast oscillations, nicely visible in Fig. 1 (b) , clearly deviate in frequency and visibility from the vacuum Rabi oscillations that appear for a † a . To confirm this behavior experimentally, we evaluate the probability to detect a photon pair at a time τ after a single photon has been observed, corresponding to the third-order correlation function [26] . For τ > 0, it measures the time dependence of a †2 a 2 conditioned upon the detection of a single photon. For τ < 0, it measures the time dependence of a † a conditioned upon the detection of a photon pair. A similar time dependence as for the second-order correlation function is expected in the latter case.
Experimental and theoretical results are plotted in Fig. 3 (a) showing good agreement. It is instructive to compare these correlation functions directly to a sample quantum trajectory shown in Fig. 3 (b) where τ = 0 is defined by the detection of a photon. The correlation function behaves differently for positive and negative times. On very short timescales, a weak modulation at different frequencies is clearly visible. For τ < 0, a local maximum at about 30 ns (red arrow) appears resulting from vacuum Rabi oscillations between the normal modes as observed in g (2) (τ ). The position of the peak matches with the oscillation period of the average photon number in the quantum trajectory which is also marked by a red arrow. For τ > 0, we find a shoulder at about 20 ns (blue arrow) which was consistently reproduced in other measurements at different detunings and driving strengths. It is in good agreement with the oscillation frequency of a †2 a 2 in the quantum trajectory. This faster oscillation frequency is a consequence of the quantum Rabi oscillations of the second-order dressed states with an expected period of about 2π/2 √ 2g 0 = 22 ns [27, 28] . For longer times, the onset of the super Rabi oscillations is also visible in g (3) (τ, 0). While its frequency seems to be similar for positive and negative times, the amplitude is more pronounced in the first case. Both observations are in agreement with our previous statement, based on the sample quantum trajectory, that a †2 a 2 and a † a oscillate slowly at a similar frequency but with different visibility.
Finally, we investigate how patterns of two successive photon detections determine the future trajectory of the system. As an example, consider the quantum trajectory shown in Fig. 1 (b) , and here the two photons which are emitted at about 650 ns and 680 ns. We ask the question whether and how the subsequent time evolution of the photon number depends on the separation between such two photon detections. To give an answer, we evaluate the general third-order correlation function
It is proportional to the probability to detect three photons, with time separations τ 1 between first and second, and τ 2 between second and third photon. An example (η = 3.9 κ) is shown in Fig. 4 for experiment (a) and theory (b). The special case g (3) (τ, 0) discussed previously can be found on the vertical (for τ >0) and horizontal (for τ <0) axis of this figure. Our question can now be answered by comparing different horizontal cuts through the figure. Each cut measures the time evolution of the average photon number after the detection of a photon pair separated by τ 1 . We see immediately that there is a strong dependence on τ 1 , i.e. on the previous measurement record, if this separation is shorter than the coherence time of the system.
The most interesting feature is the occurrence of a peak marked by two dashed lines appearing at τ 1 ≈ 2π/2g 0 and τ 2 ≈ 2π/2Ω, i.e. when the separation between the (τ1, τ2) in the experiment (a) and theory (b) (η =3.9 κ). To reduce noise, it was convoluted with a two-dimensional Gaussian filter with a width (FWHM) of 7 ns. An intuitive explanation for the pronounced, timeasymmetric peak marked by the dashed lines is given in the text.
first two clicks is one period of a vacuum Rabi oscillation whereas the separation between the second and the third click is half a period of the super Rabi oscillations. These timescales suggest that we observe an interplay between the vacuum Rabi oscillation and the super Rabi oscillation. We give an intuitive explanation in terms of the quantum measurement process: The detection of two photons separated by τ 1 ≈ 2π/2g 0 is a signature of the normal modes which oscillate at this frequency. Between the two detection events the state of the system therefore had a large contribution from the first-order dressed states. The detection of the second photon projects these states onto the ground state. Subsequently, the super Rabi oscillations cause a peak of the excitation after half a super Rabi oscillation period, i.e. τ 2 ≈ 2π/2Ω. The reverse process at τ 1 ≈ 2π/2Ω and τ 2 ≈ 2π/2g 0 is not particularly enhanced: the super Rabi frequency is not characteristic to any particular set of dressed states. Therefore, the detection of two photons separated by half a period of the super Rabi frequency does not change the subsequent time evolution much compared to the detection of just an individual photon. This explains the missing of a similar peak at τ 1 ≈ 2π/2Ω and τ 2 ≈ 2π/2g 0 . Both discussed effects, the different dynamics of the first-and second-order dressed states as well as the interplay between vacuum and super Rabi oscillations, give rise to pronounced time-asymmetries, i.e. g (3) (τ 1 , τ 2 ) = g (3) (τ 2 , τ 1 ), demonstrating that the transmitted photon stream is asymmetric in time. This effect cannot be observed for the individual parts of the system, neither the empty cavity nor a two-level system in free space. It confirms previous evidence for an asymmetry in studies of intensity-field correlation functions [7] . The occurrence of such time asymmetric fluctuations in the output fields can be considered as a direct evidence for the breakdown of detailed balance in a driven system far away from thermal equilibrium [15] .
In conclusion, using second-and third-order intensity correlations, we were able to probe the dynamics of the normal modes and the second rung of dressed states. All relevant dynamical processes -dissipation, driving and internal dynamics -have been observed. The next step will be to use the information gained by two detection events to control the system by means of feedback and stabilize its state against fluctuations. Moreover, higherorder correlation functions enable a full characterization of the system photon statistics and can therefore be used to demonstrate the non-classical nature of the higherorder dressed states [29] . We thank H. J. Carmichael for helpful discussions and S. Dürr for comments on the manuscript. Financial support from the DFG (Research Unit 635), the EU (IST project AQUTE) and the Bavarian PhD program of excellence (QCCC) is gratefully acknowledged.
Note added: During the preparation of the manuscript we became aware of an experiment reporting on super Rabi oscillations in a circuit QED experiment [30] .
